Abstract. The perspects of utilizing the strangeness-production reaction γd → K + Λn for the determination of the Λn low-energy scattering parameters are investigated. The spin observables that need to be measured in order to isolate the Λn singlet ( 1 S0) and triplet ( 3 S1) states are identified. Possible kinematical regions where the extraction of the Λn scattering lengths might be feasible are discussed. 
Introduction
The experimental information on the ΛN interaction at low energies is rather poor and, moreover, of rather limited accuracy [1] . Specifically, the available data do not allow a reliable determination of the ΛN low-energy ( 1 S 0 , 3 S 1 ) scattering parameters. Therefore, it has been suggested in the past to consider inelastic processes where the ΛN system is produced in the final state and to exploit the occuring final-state interaction for the extraction of those scattering parameters. With this aim in mind, we [2, 3] , but also other groups [4, 5] , have recently looked at the reaction pp → K + Λp which can be studied experimentally at the COSY facility in Jülich and where concrete experiments have been already performed [6, 7, 8, 9, 10] .
In the present paper we want to investigate the perspects of utilizing another strangeness-production reaction, namely γd → K + Λn [11, 12, 13, 14, 15, 16, 17, 18, 19, 20] , for the determination of the ΛN low-energy scattering parameters. In this case pertinent experiments have been announced already long time ago at CEBAF [21] , but are also possible at ELSA in Bonn [22] , at the present JLAB facility [23] , and the future MAMI-C project in Mainz [24] . In this paper we want to discuss the differences and, in particular, the merits but also possible disadvantages of considering the photon-induced strangeness production. We also investigate the spin dependence of the production amplitude and identify those spin-dependent observables that need to be measured to enable a separation of the 1 S 0 and 3 S 1 partial waves. Finally, we present quantitative results within a model calculation for one of the observables in question in order to demonstrate the kind of signal one could expect in a concrete experiment.
In our previous papers [2, 3] we developed a method for a quantitative study of the final-state interactions in production reactions with large momentum transfer such as, e.g., pp → K + Λp or pp → K 0 Σ + p. In general, the method can be applied when there is a strong interaction in one of the produced two-body subsystems, and in addition there are no other channels with near-by thresholds that couple strongly to that system. Also, the interaction in the other final two-body subsystems should be weak. Then it is possible to reconstruct the elastic two-body (ΛN , say) amplitude (or at least its threshold value -the scattering length) via the invariant mass dependence of the production amplitude in the region where the relative ΛN momentum is small. The idea is to separate the different momentum scales appearing in the problem. In fact there are three scales one has to deal with: by assumption-we look only at very strong final state interactions leading to large scattering lengths-a very small scale given by the inverse of the scattering length, 1/a, of the relevant finalstate interaction, the inverse range of forces in the case of the elastic scattering, which is usually larger then the former scale, and -the largest scale -the inverse range of the production operator. From the point of view of analytical properties of the amplitude the latter two scales are roughly given by the corresponding closest left hand singularities. It is clear then that in the case of elastic scattering the location of those singularities is determined by the mass of the exchanged meson, whereas for the production reaction it is fixed in most cases by the value of the required momentum transfer q [25] . The production amplitude itself is free of the left hand singularities of the elastic amplitude, but has the same right hand cut. Dispersion theory enables to factorize the left hand sin-gularities from the elastic amplitude and to represent the production amplitude as a product (see Refs. [26, 27, 28] 
where the exponent contains the full information on the right hand singularities of the elastic amplitude and the remaining factor Φ possesses only left hand singularities and, therefore, in case of large momentum-transfer reactions, is only weakly dependent on m 2 , the invariant mass of the considered two-body subsystem, e.g. of ΛN . In Eq. (1) δ is the elastic ΛN phase shift and m 0 = m Λ +m N . s and t are the total c.m. energy squared and the 4-momentum transfer (from one of the initial particles to the kaon) squared, respectively. In a more realistic situation when inelastic channels are present at higher energy (as is the case for ΛN due to the opening of the ΣN channel) one can write down a similar expression where the integration involves only the range where the final state interaction is strong [2] A(m
HereΦ(m 2 , m 2 max ) is also a slowly varying function of m 2 provided that δ is sufficiently small in the vicinity of m max . Neglecting the mass dependence ofΦ(m 2 , m 2 max ) the scattering length a S in a specific partial wave S can be then expressed in terms of the differential partial production cross section σ S :
A detailed analysis of the uncertainties of Eq. (3) has shown that the theoretical error of the extracted value for the scattering length is of the order of 0.3 fm [2] . Note, however, that a possible influence of meson-baryon interactions in the other two-body subsystems has not been explicitly included into this estimate so far-we will do this below. In this paper we present results for another strangenessproduction process that is a possible candidate for the extraction of the ΛN scattering length, namely γd → K + Λn. This reaction satisfies formally the main condition needed for the dispersion integral method to be applied: The momentum transfer in this reaction is large compared to the typical range of the final state ΛN interaction. The required c.m. momentum of the initial photon to produce the KΛN system at threshold is around 600 MeV/c. However, in contrast to the N N induced reaction, here a new small scale might enter the reaction depending on the kinematics: for forward going kaons at sufficiently high energy the intermediate nucleon is off-shell only by the small binding energy of the deuteron before the photon couples. Then quasifree production dominates the reaction and the dispersion integral method cannot be applied anymore. Therefore, one has to impose additional kinematical conditions to ensure that quasifree production is not allowed or at least strongly suppressed.
In Sec. 2 we consider the spin structure of the reaction amplitude for γd → K + Λn and we derive those spin observables that need to be measured in order to separate the ΛN spin-singlet and spin-triplet states. In Sec. 3 we estimate uncertainties of the extracted ΛN scattering length that could arise from the interaction in the other final states (KΛ, KN ). Concrete results for the spin observable that projects on the spin-triplet state are presented in Sec. 4 , based on a model calculation by Yamamura et al. [15] . Furthermore, as a test we apply the dispersion integral method described above to those specific model predictions for extracting the Λn 3 S 1 scattering length. We also discuss issues concerning the kinematical regions where experiments should be preferably performed in order to ensure a reliable determination of the scattering lengths. Specifically, we identify the kinematical conditions, where the quasifree production is not allowed or strongly suppressed and where then the dispersion integral method can be reliably applied. The paper closes with a brief Summary.
Spin observables
An important issue for the extraction of the low-energy scattering parameters is the separation of the different spin components in the ΛN system. In Ref. [2] we have shown that by measuring specific spin observables in the reaction N N → N KΛ one can project on the production of spin-singlet or spin-triplet states. Let us now discuss what observables can be used to disentangle the different spin states for the reaction γd → K + Λn. We start from the general form for the matrix element of the process γd → K + Λn :
where ǫ γ and ǫ d are the polarization vectors of the photon and deuteron, respectively. If we assume the ΛN system to be in an S-wave, then we have only the (normalized) initial momentump and the outgoing kaon momentum q ′ available to construct the structures for the coefficients. If the final ΛN system is in a spin triplet state we have in addition S ′ , the spin vector of the final state, that has to appear linearly in the coefficients A, B and C. Parity conservation demands that bothp and q ′ appear either in an odd number or in an even number. Thus, we have for the spin singlet case:
On the other hand, for the spin triplet final state we get
Note that the coefficients a s , b s , etc. are functions of (q ′ ) 2 and q ′ ·p. A significant simplification allowing one to separate different spin states can be achieved if we assume q ′ to be along the beam direction (in particular then B s and A t vanish). This means that one considers the situation where the kaon is emitted either in forward or in backward direction. Then we can look at two different cases: (ij) t . Hence this is the case where we can study the spintriplet final-state. The observable that provides access to the longitudinal target polarization is
where T 
with λ 1 , λ 3 being the deuteron spin projection onto the photon momentum and λ 2 , λ 4 the circular polarization of the photon. The operators Ω ij are defined by
see, e.g., Ref. [30] . A complete description of the polarization observables for such kind of reactions can be found in Ref. [31] .
In this case C (ij) t vanishes, and the spinsinglet amplitudes (proportional to A s and C (ij) s ) are symmetric with respect to an interchange of ǫ d and ǫ γ , whereas the spin-triplet amplitude (proportional to B t ) is antisymmetric. This allows to construct combinations of spin observables containing only spin-singlet or spin-triplet contributions (two combinations for each spin), namely
with
λ1,λ2,λ3,λ4
Here the upper index (c or l) refers to circularly or linearly polarized photons. Therefore, the only possibility to obtain a pure spin-singlet ΛN final-state is to perform a double polarization experiment.
Influence of the meson-baryon interaction
As mentioned in the Introduction, in the derivation of Eq. (3) we assumed that the interactions in the other twobody subsystems in the final state are small. This concerns the KΛ and the KN systems. The reason was that for excess energies in the order of 100 to 200 MeV, the kinetic energy in those subsystems is large and does not vary strongly with the relative ΛN momentum, when the latter system is considered near its threshold for the extraction of the ΛN scattering length, with the relative ΛN momentum, when the latter system is considered near its threshold for the extraction of the ΛN scattering length, and therefore the energy dependence of the production amplitude should not change significantly. It was noted, however, in [29] that one should still be cautious because of possible effects due to the presence of N * resonances in the KΛ system. Therefore, in the following we are going to derive some qualitative estimates as to how large the effect of such resonances can be for the extracted ΛN scattering length. Note that this issue is relevant for both reactions γd → KY N and pp → KY N , although the details might differ. In particular the relative importance of contributions from resonances and of the background will depend on the specific reaction mechanisms. We assume here that the energy dependence of the production amplitude is modified by a factor
averaged over the ΛN c.m. angle, i.e. we consider only the resonance contribution but neglect a background. Here M R and Γ R are the Breit-Wigner mass and width of the resonance, respectively. In general a nontrivial interference of the resonance amplitude with the background can produce a stronger mass dependence of the production amplitude. On the other hand the sum of all partial waves in the ΛK system will have the opposite effect. Therefore, we believe that the above approximation is reasonable in order to estimate the uncertainty in the extracted ΛN scattering length induced by the presence of resonances in the ΛK system. For simplicity we consider only an Swave resonance. Expanding Φ in terms of the ΛN c.m. momentum p one gets
where
+ 1 , k is the kaon momentum in the c.m. system of ΛN (at p = 0), x is the cosine of the angle between the kaon and Λ in the same system and
Note that the factor C is of the order of 2 for the considered excess energies up to several hundred MeV because the mass difference between the Λ and nucleon is small. In order to estimate the effect that resonances may have on the extraction of the scattering length we evaluated the dispersion integral Eq. (3) for the amplitude given in Eq. (14) . Corresponding results are shown in Fig. 1 as a function of the excess energy. Obviously, the resulting scattering length should be identical to zero if there is completely no influence. We see that the deviations due to such resonances are somewhat dependent on the excess energy but amount to ±0.2 fm at most. For a qualitative understanding of the role of the various scales it is instructive to proceed as follows. Averaging Fig. 1 . Error in the extracted scattering length due to the presence of a resonance structure in the KΛ subsystem depending on the available excess energy ǫ. The solid line shows the result of the dispersion integral while the dashed line corresponds to an approximation, cf. discussion in Sec. 3. over x and removing a constant prefactor one obtains
For the production amplitude squared one gets the following mass dependence
The corresponding contribution to the ΛN scattering length is (see Ref. [2] )
where p max ≈ 200 MeV/c reflects the limit of the dispersion integral. It is easy to see that the result depends on two important scales: the resonance width (typically 150 − 200 MeV) and ∆M 2 which is determined by the excess energy. In order to obtain a rough idea for the order of magnitude of the corrections to the scattering length let us put ∆M 2 = 0. Then δ a ∼ −4k
If we take as a typical example the mass of the resonance to be M R = 1700 MeV and its width to be Γ R = 150 MeV, then k ∼ 400 MeV/c, which yields δ a ∼ −0.1 fm. The absolute value of δ a becomes smaller as ∆M 2 increases. In Fig. 1 the result for δ a calculated by means of Eq. (18) is compared to the value obtained from the full dispersion integral Eq. (3). The two curves turn out to be almost identical and, therefore, justify the use of our approximations made in Eqs. (14)- (18). We conclude that for such excess energies where the available phase space for the KΛ system covers the resonance region one has to expect an additional uncertainty of the extracted scattering length in the order of 0.2 fm-this has to be added to the one estimated previously leading to a total theoretical uncertainty of 0.5 fm. A more concrete quantitative statement can be made only by analyzing the actual experimental Dalitz plots, where one should clearly see whether there is a strong dependence of the production amplitude on the KΛ invariant mass or not.
Results and discussion
As already said in the Introduction, the reaction γd → K + Λn satisfies formally the main condition needed for the dispersion integral method to be applied: The momentum transfer in this reaction is large compared to the typical range of the final state Y N interaction. The required c.m. momentum of the initial photon to produce the Y N K system at threshold is equal to 584 MeV/c. In order to be able to resolve the structure induced by the ΛN interaction one needs at least data covering ΛN invariant masses in the range of 40 MeV from the threshold, cf. Ref. [2] . In that work we argued also that the pertinent experiments should be performed preferably at somewhat higher total energies. Then there will be no distortion of the signal within that 40 MeV range by the (upper) limit of the available phase space. Moreover, effects from possible interactions in the other final states (KN , KΛ) are kinematically better separated and should not influence the results for ΛN too much.
An important kinematical constraint for the reaction γd → K + Λn is the limitation of the kaon angle to very forward or very backward directions because only then a separation of the spin-singlet and spin-triplet states is possible, as shown in Sec. 2. Unfortunately, there are indications that the total count rate could be very small in the backward region. For example, the model calculation of Salam and Arenhövel [17] suggests that the cross sections drop dramatically in that angular range, cf. their Fig. 12 . This can be easily understood within the impulse approximation. In this case the spectator nucleon carries necessarily a large momentum for kaons produced in backward direction and for such large momenta the deuteron wave function is strongly suppressed. Additional production mechanisms that involve two-step processes, considered also in Ref. [17] , relax the situation somewhat. But still it could be difficult to perform measurements for the backward region and one has to wait for concrete experiments in order to see whether sufficient statistics can be achieved.
Therefore, in the following we will concentrate on results for forward angles. However, in this case there is a particular singularity of the production amplitude that imposes some restrictions on the application of our method. It is the so-called quasi-free production mechanism (see Fig. 2 ). When the available excess energy in the ΛnK + system is around 90 MeV or more then the production of the ΛK + system is possible on a single proton, resting in the deuteron rest frame. Therefore, this effect introduces a new, very small scale in the production operator caused by the small deuteron binding energy. It is clear that this particular production mechanism is dominant when the relative momentum of the two nucleons inside the deuteron is not large. Thus, it influences primarily forward kaons where then the ΛN system is moving in direction of the deuteron momentum in the c.m. system. Note that the peak is shifted somewhat away from very low relative Y N momenta because the photon cannot produce a Λ at rest on a proton at rest. In Fig. 3 we demonstrate the situation for a concrete model calculation where results for 1− √ 2T 0 02 at E γ = 1300 MeV (ǫ = 349 MeV) are shown for kaon production in forward direction (Θ K = 0 o ). Details of the model calculation can be found in Ref. [15] . Let us mention here that the calculation is done in the impulse approximation including the Y N final-state interaction, utilizing the deuteron wave function of the Nijmegen93 potential [32] and the NSC97f Y N force [33] . The elementary kaon-production amplitude on the nucleon (γN → KΛ) is derived from a set of tree-level Feynman diagrams where the free parameters have been fixed so that all available K + Λ, K + Σ 0 , and K 0 Σ + photoproduction data in the relevant energy region are reproduced [34] . Additional production mechanisms involving, e.g., KN rescattering or the πN → KΛ process, considered in Ref. [17] , are not included in this model. However, those mechanisms contribute predominantly for kaon production at backward angles [17] and are not so important for the forward angles we consider.
The model calculation presented in Fig. 3 clearly shows the presence of a bump due to quasi-free kaon production. It occurs at fairly small Λn invariant masses and, therefore, makes a reliable determination of the Λn scattering length from data impossible. Thus, for extracting the Λn scattering length from forward-angle data one has to consider the reaction γd → K + Λn for energies below the appearance of this quasi-free peak, i.e. at excess energies 40 − 50 MeV. First of all one should note that the influence of the ΛK interaction is not necessarily much stronger then at higher excess energies, since we are within the resonance region in both cases. Therefore, the uncertainty of the method remains the same. This issue was addressed already in the previous section. Another problem is the limited phase space at low excess energies. The phase space is proportional to q ′ × p ′ × dm Λn . Since we are interested in the region of small relative momenta p ′ in the Λn system in any case the suppression enters only due to the factor q ′ . The concrete effect of the suppression depends, of course, on the actual shape of the mass spectrum, but to get a rough estimate one can compare the q ′ values for different excess energies at the Λn threshold (p ′ = 0). For example, for the excess energy 50 MeV this value is about 2.5 times smaller than for 300 MeV. This means that the suppression is not such a serious problem in our case. An interesting side aspect at low excess energies is that then also the kaons should be predominantly produced in an S-wave relative to the Λn system (unless the quasifree mechanism remains dominant even at low energies). In a pure S wave situation the allowed operator structure given in Eqs. (5,6) simplifies significantly and, in particular, the reaction amplitude does not depend on the direction of the kaon momentum anymore. Consequently, all expressions in Sec. 2 are valid for arbitrary angles. Therefore, one can work with observables integrated over the kaon angle in the c.m. system which means that a significant enhancement of the experimental statistics can be achieved. In addition the angular integration allows to get rid of interference terms between the S-and (small) P -waves that depend linearly on the kaon momentum so that possible influences from the energy dependence of the production operator, which is primarily due to terms linear in q ′ , are minimized. In Fig. 4 we show predictions of the model calculation [15] for the spin observable 1 − √ 2T 0 02 for E γ = 850 MeV (ǫ = 41.5 MeV) and forward kaons. The dashed line is the result for the impulse approximation while the solid line corresponds to the full model including the ΛN FSI. It is obvious how strongly the ΛN interaction modifies the observable for invariant masses close to the ΛN threshold. When applying the dispersion integral method to this observable, cf. Ref. [2] for details, we obtain the scattering length of -2.06 f m for the 3 S 1 partial wave. This has to be compared with a t = -1.70 f m of the Y N model [33] used for the model calculation. Thus, the extracted scattering length differs from the one utilized in the model calculation by about 0.4 f m, which is in line with the uncertainty that is expected for the method [2] . Specifically, one has to keep in mind that the present model calculation includes also the uncertainties discussed in Sec. 3 because it is based on an elementary kaon-production amplitude that involves resonances in the ΛK channel [34] .
Summary
In the present paper we have studied the perspects of utilizing the strangeness-production reaction γd → K + Λn for the determination of the Λn low-energy scattering parameters. In particular, we derived those spin observables that need to be measured in order to isolate the Λn singlet ( 1 S 0 ) and triplet ( 3 S 1 ) states, and we presented concrete results for one of those observables based on a model calculation by Yamamura et al. [15] .
It turned out that a separation of the singlet and triplet states is feasible for experiments with kaons emitted either in forward or backward direction. On the other hand we found that the quasi-free production process, which dominates the reaction in forward direction at higher energies (E γ ≥ 900 MeV/c), distorts the ΛN invariant mass spectum so strongly that this particular kinematics cannot be used to extract the ΛN scattering lengths reliably. However, the situation looks very promising for experiments for energies just below the appearance of this quasi-free peak (E γ ≈ 850 MeV/c). For this kinematics we presented a test calculation where we generated the required spin observables from the model of Yamamura et al. [15] and then we applied to them the dispersion integral method for extracting the Λn scattering length. The value obtained for the 3 S 1 scattering length differs from the one utilized in the model calculation by about 0.4 f m, i.e. lies within the uncertainty that is expected for the method [2] . A determination of the scattering lengths is also possible from data at backward angles at any energy. However, for backward kaon production all model calculations predict rather small count rates. Thus, one was to wait for concrete experiments in order to see whether sufficient statistics can be achieved for this kinematics.
The presented estimation of the uncertainties of the extracted ΛN scattering length that could arise from the interaction in the other final states (KΛ, KN ), together with the results of a concrete application, implies that the reaction γd → K + Λn could allow to determine the ΛN scattering lengths with an accuracy similar to the reaction pp → K + Λp. Thus, we believe that the photoninduced reaction is an interesting alternative for extracting the ΛN scattering lengths and it is also very useful for cross-checking results obtained from the purely hadronic strangeness production.
